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We use the charged tip of a low temperature scanning probe microscope to perturb the transport
through a graphene nanoconstriction. Maps of the conductance as a function of tip position display
concentric halos, and by following the expansion of the halos with back-gate voltage we are able to
identify an elongated domain over the nanoconstriction where they originate. Amplitude modula-
tions of the transmission resonances are correlated with the gradient of the tip-induced potential
and we analyze this in terms of modified coupling between localized states.
PACS numbers:
The demand for materials capable of realising the next
generation of electronic and photonic devices continues
to fuel interest in the electronic properties of graphene
[1, 2]. The single-electron control offered by quantum
dots makes them ideal for examining properties of Dirac
quasiparticles such as the g-factor [3], excitation spectra
[4], and spin relaxation times [5]. Graphene dots typi-
cally consist of an etched island which is tunnel coupled
to large area leads by ultranarrow (<30 nm) constrictions
[6, 7]. Broad and irregular modulations of the coulomb
blockade oscillations obtained from such structures have
been attributed to disorder-induced dots within the con-
strictions themselves [7]. Although their size, spacing,
and precise origin is currently unclear, at sub-30 nm
lengthscales it is likely that potential inhomogeneities
and edge roughness play a role in creating localized states
[8–10]. The random transport properties associated with
such unintentional localization is not only problematic
for analyzing quantum dot structures but also presents
challenges for the development of nanoribbon electron-
ics [11]. In contrast to large area graphene sheets whose
on-off conductance ratio is too low for applications such
as switches and transistors in logic applications, narrow
channels do exhibit a length- and width-dependent trans-
port gap where the conductance is suppressed for a range
of source-drain bias around the charge neutrality point
[10, 12, 13]. This gapped region is larger than estimates
based on confinement effects alone, however, and also ex-
hibits sharp resonances at low temperature [10, 13, 14].
Hence the focus has recently shifted away from tailoring
transport properties using edge lattice symmetries and
more towards understanding the role of disorder [12, 15].
Transport through narrow graphene channels in the pres-
ence of disorder has been explored within different the-
oretical and semi-empirical frameworks, including An-
derson localisation [16], percolation models [17], disor-
der and edge-roughness induced quantum dot formation
[10, 13, 15, 18], and lateral confinement [12]. Since these
mechanisms are partly distinguished by where localiza-
tion occurs, local probes offer a powerful way to discrim-
inate between them.
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FIG. 1: (a) Conductance of the nanoconstriction as a function
of VBG at T=8 K (VSD=5 mV). Inset: plots of the zero-bias
conductance (excitation voltage 300 µV ) within the transport
gap (VBG= 7-10 V) at different temperatures. (b) Setup used
to perform scanning gate microscopy. Inset: Atomic force
micrograph (≈ 1 × 0.5 µm2) showing the 90 nm wide con-
striction. (c) Conductance as a function of VSD and VBG.
Diamonds of suppressed conductance at low VSD indicate
the presence of coulomb blockaded islands with characteristic
charging energy of ≈15-20 meV.
In this work we use the charged tip of a scanning probe
microscope to perturb the transport through a litho-
graphically defined graphene nanoconstriction. Although
the broad lineshape of the resonances hampers us from
resolving their exact location, we are nonetheless able to
detect the presence of multiple dots within the channel
via the effect of the tilted potential from the tip.
Our graphene flakes are mechanically exfoliated from
natural graphite onto a highly doped Si substrate capped
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FIG. 2: (a) Scanning gate image of the nanoconstriction
captured in tapping mode (VT=0.5 V, VBG=0 V, VSD=5
mV.) (b) Transconductance scanning gate image captured
with VT=50 mV @ 700 Hz. The arrow indicates the position
of the indent used to align lift-mode scanning gate images.
White dashed outlines indicate the edge of the nanoconstric-
tion extracted from the simultaneously captured topographic
image.
with a 300 nm thick SiO2 layer. Optical microscopy [19]
and Raman spectroscopy [20] are used to locate and con-
firm the flakes are monolayers. Two 10/50 nm thick
Ti/Au contacts were patterned using lift-off processing
and a ≈90 nm wide channel connected by tapered leads
was etched using an O2 plasma [Fig. 1(b).] Figure 1(a)
shows the conductance G of the device as a function of
voltage VBG applied to the Si back-gate at T= 8 K. As
expected [7], G is strongly suppressed for a range ∆VBG
around the neutrality point (VNP≈12 V) except for irreg-
ularly spaced resonances where G increases over a nar-
row range of VBG. The density of resonances decreases at
lower temperature while their lineshape remains roughly
constant [inset, Fig. 1(a).] At larger source-drain voltage
(VSD) the conductance between the resonances increases,
leading to ∆VSD=15-20 mV high diamond shaped re-
gions where current is blockaded [Fig. 1(c).]
A schematic of our setup used to perform scanning
gate microscopy (SGM) is shown in Fig. 1(b). We use
a Pt/Ir coated cantilever (NanoWorld ARROW-NCPt)
with a nominal tip radius of 15 nm. To perform SGM a
current is driven through the device and its conductance
is recorded as a function of tip position. Figure 2(a)
shows a typical SGM image [21] captured over the con-
striction in tapping mode with VT=0.5 V and VBG=0
V. Elongated halos alternating between enhanced and
suppressed G encircle the constriction. Each halo corre-
sponds to the locus of points where the tip’s contribution
to the electrostatic potential is sufficient to overcome the
coulomb blockade [22]. The halos are continuous in re-
gion I but are broken by a stripe in region II where the
tip crosses the outer graphene edge on either side. This
stripe rotated with the scan direction and was always
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FIG. 3: (a) Sequence of lift-mode scanning gate images show-
ing the evolution of the conductance halos with back-gate
voltage (VT=2 V). Dashed outline indicates the approximate
location of the nanoconstriction. (b) Linear conductance as a
function of back-gate voltage. Numbered arrows indicate the
back-gate voltages at which the corresponding images in (a)
were captured.
parallel to the fast scan axis. A region with these prop-
erties was also observed in SGM of subsurface quantum
dots [23], where it was attributed to tip-induced rear-
rangements of charge. Although their elongated axis is
still aligned with the channel, in region III the halos are
indented where the inside edge of the constriction meets
the tapered lead. This indent is highlighted in Fig. 2(b),
which shows an SGM image of the transconductance cap-
tured under the same conditions as Fig. 2(a), but with a
modulated tip bias to enhance the contrast [24]. There is
good agreement between the origin of the halos and the
topographic location of the constriction, presumably due
to the proximity of the tip in tapping mode [8]. While
this mode was useful for relating SGM structures to the
underlying topography, it was unsuitable for continuous
use as the distribution of resonances in G(VBG) changed
between successive scans. To avoid this instability we
performed all subsequent scans in “lift-mode” with the
static tip ≈30 nm from the surface, and used the indent
[arrow, Fig. 2(b)] as a reference point for overlaying the
topographic outline.
To establish where the conductance haloes originate
we park the biased tip (VT= 2 V) over the channel and
tune VBG such that G lies between two resonances [Fig.
3(b).] The first resonance manifests as the outer halo
in image 1 of Fig. 3(a). With increasing VBG the sec-
ond resonance emerges as a disordered domain, which
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FIG. 4: (a) Linear conductance as a function of back-gate
voltage and tip position along the line JK in Fig. 3 at dif-
ferent tip voltages. Boxes with dashed outlines highlight res-
onances which exchange side upon reversing the sign of the
tip potential. (b) Plots of the back-gate voltage of a typical
resonance as a function of position along JK at different tip
voltages. (c) The same plot as (b) for nine of the resonances
in (a) with the zero-VT variation subtracted. Solid lines are
fitted Lorentzians.
is aligned with the channel and extends into the leads
with weak and variable contrast [images 2-5, Fig. 3(a)].
Once G is tuned to the peak of the second resonance the
domain is roughly the same width as the channel and
splits into a single halo [image 6, Fig. 3(a).] This ob-
servation is in good agreement with recent scanning gate
work on similar graphene nanostructures [8]. The cen-
tral position of the domain and sensitivity to tapping-
mode-induced changes in the electrostatic environment
suggest that potential inhomogeneity-, rather than edge
roughness-, induced localization is the dominant mech-
anism in our structure [10, 25]. While the shape of the
domain depends on the profile of the tip potential as well
as the shape of the region of localized states [26], we as-
sume that tip-induced distortions play less of a role here
because the orientation, width, and location of the do-
main compare favourably with the constriction itself.
While the overlapping coulomb diamonds and a reduc-
tion in the density of resonances at lower temperature
implies that localization is due to chargeable islands sep-
arated by tunnel barriers [27], our SGM images do not
exhibit the characteristic signatures of multiple quantum
dots, such as interlocking or anti-crossing halos [8, 22, 28].
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FIG. 5: (a) Conductance as a function of back-gate voltage
with the tip at different positions along JK in Fig. 3(a) with
VT=2 V. Each curve has been vertically offset for clarity and
horizontally offset such that peak (1) is at VBG= 0 V. (b)
Maximum conductance of resonance (2) as a function of tip
position for VT= 2 V (red) and -2 V (blue). (c) Maximum
conductance of resonance (2) as a function of the gradient of
the corrected tip-induced potential. Inset: schematic depic-
tions showing the offset in the ladder of states of two dots in
series with different coupling to the back-gate.
These observations are reconciled in the case of islands
with insufficient capacitive coupling to create charging
effects between them [8]. The latter may reflect the el-
evated tunnel coupling (Γ) of the barriers in this region
of VBG, an interpretation supported by the T indepen-
dence of the peak lineshape, which suggests h¯Γ > kBT .
Furthermore, one would expect the effect of a broad tip
potential to be similar to a global back-gate if the islands
are closely spaced, leading to concentric, rather than in-
terlocking, halos around the domain seen in Fig. 3(a).
In the absence of pronounced multiple-dot features in
the shape of the halos we focus on the tip-position depen-
dent amplitude modulations within the domain of Fig.
3(a). The tip was moved in 30 nm steps along the line
JK in Fig. 3(a) and the back-gate voltage was swept at
each point. The resulting G(VBG, x) maps are plotted in
Fig. 4(a) at different tip voltages. Fig. 4(b) shows a typi-
cal set of VP (x) curves, where VP denotes the position of a
resonance in back-gate voltage. By subtracting from each
VP (x) its behaviour at VT=0 V we obtain a set of cor-
rected data V
′
P (x) which are symmetrical and well fitted
4by Lorentzians given by V
′
P = A/(4(x−dch)2+w2), where
dch is the centre of the Lorentzian along JK, w is its full-
width half maximum, and A≈βVT , with β≈0.38±0.01.
We find dch≈675±10 nm and w≈805±20 nm for thirty
six curves corresponding to nine of the resonances in
Fig. 4(a). The value of w is in good agreement with
the width of tip-induced potentials reported previously
[29, 30]. The centre dch has been indicated in Fig. 3(a).
We attribute the variation of VP at zero VT to a combi-
nation of screening, contact potential difference, charged
debris on the tip, and capacitive coupling between the tip
and the back-gate [26, 28, 29]. Note that the symmetry
of VP in Fig. 4(a) improves in the range of VT and VBG
where the images in Fig. 3(a) were captured, support-
ing our previous assertion that zero-VT distortions are
minimized.
The maximum conductance GMax of the resonances
highlighted by black dashed boxes in Fig. 4(a) is en-
hanced (suppressed) when the tip is closer to J (K) for
VT=2 V, while the opposite behaviour is observed when
VT= -2 V. Line plots of G(VBG) around the pair of reso-
nances in the middle box are shown in Fig. 5(a), with the
tip-induced background variation in VP removed to facili-
tate comparison. Since exchanging both the side and sign
of the tip potential preserves the in-plane electric field di-
rection, i.e. E(−x) = −E(x), the observed asymmetry
can be described in terms of the tilted potential induced
along JK. To confirm this, in Fig. 5(b) we plot GMax
as a function of ∆V
′
P , the gradient of the corrected tip-
induced potential shown in Fig. 4(b), which is related to
the in-plane field by E = ∆V
′
P /∆x. The data follow the
same dependence on ∆V
′
P for VT= ±2 V, confirming that
in this range the tilted potential controls the amplitude
of this resonance. The data is well described by an ex-
ponential function GMax ≈ e−∆V
′
P /γ +D where D ≈0.01
e2/h accounts for the non-zero conductance floor and γ≈
0.02 V. Similar behaviour is observed for the resonance
in the other black box in Fig. 4(a) and the opposite for
the resonance in the white dashed box. Such variations
in GMax are usually ascribed to tip-induced modulations
in the tunnel barriers, and are therefore compatible with
single dot behaviour [31]. The exponential dependence
on ∆V
′
P is moreover highly suggestive of tunnel barrier
suppression. However, in light of the multiple-dot be-
haviour in the transport data we propose an alternative
scenario. The different charging energies and coupling
between the back-gate and the dots leads to a random
distribution of resonances in G(VBG) as a dot with the
weakest coupling to the back-gate modulates the ampli-
tude of resonances from the more strongly coupled dot(s)
[32, 33]. The tilted potential introduced by the tip ef-
fectively offsets the ladder of charge states in the dots
relative to one another [inset, Fig. 5(c).] As a result the
alignment of states in different dots either increases [peak
2 in Fig. 5(a)] or decreases [peak 1 in Fig. 5(a), and res-
onance in the white dashed box in Fig. 4(a)] depending
on their initial detuning. Within this picture, GP (∆V
′
P )
traces the resonance of a weakly coupled dot.
To summarize, we have investigated the response of a
graphene nanoconstriction to the local electrostatic po-
tential of a scanning probe tip. Weakly invasive scanning
affects the resonance distribution within the transport
gap, suggesting that localization in graphene nanostruc-
tures is sensitive to the local electrostatic environment.
The expansion of a single elongated conductance halo
around the constriction implies that the localized states
consist of a quantum dot induced by potential inhomo-
geneities within the channel. Transport data combined
with measurements at different tip potentials allow us to
identify multiple-dot behaviour by analyzing the effect
of the tilted potential on the coupling between localized
states.
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